Introduction
Cytochrome (Cyt) c 6 is well known to transfer electrons between Cyt b 6 -f complex and photosystem I (PSI) in the thylakoidal lumen of many cyanobacteria and green algae (Hervás et al. 2003a, b) . In several organisms, it substitutes for plastocyanin (Pc) under copper deficient conditions. Intensive work has been carried out on Pc and Cyt c 6 to understand their function and how it depends on their structure (e.g., De la Rosa et al. 2002) . The surface of the interaction regions of Cyt c 6 and Pc are similar, despite they are structurally unrelated proteins, within any given organism (Ullmann et al. 1997) . It has been generally assumed that Pc completely displaced Cyt c 6 in plants along evolution (Kerfeld and Krogmann 1998) . However, a modified Cyt c 6 , the so called Cyt c 6A , is found in plants and green algae; it is evolutionary related to cyanobacterial Cyt c 6 but is unable to serve as electron donor in the photosynthetic electron transfer chain Weigel et al. 2003) .
The recent sequentiation of genomes of several photosynthetic organisms has allowed the finding of a second Cyt c 6 -coding gene in some cyanobacteria, by sequence homology searching with Arabidopsis Cyt c 6A . In the last years, a lot of work has been made to specifically investigate the mechanism of PSI reduction by Pc and Cyt c 6 (reviewed in Díaz-Quintana et al. (2003) and in Fromme et al. (2003) ). However, important aspects of the photosynthetic and respiratory process in cyanobacteria still remain unknown. In particular, the information concerning the possible involvement of both Pc and Cyt c 6 in the respiratory electron transfer pathway is rather scarce , thereby opening the door to the participation of an alternative electron donor to Cyt c oxidase.
It has been described that Synechocystis sp. PCC 6803 is able to grow photoautotrophically in the absence of both Cyt c 6 and Pc (Zhang et al. 1994; Ardelean et al. 2002; Durán et al. 2004; De la Cerda et al. 2007 ). Several proposals have been made to explain how these cultures can survive in the absence of both Pc and Cyt c 6 . Some authors have suggested the existence of a third (but relatively inefficient) electron donor to PSI (Metzger et al. 1995) . Some others have proposed the formation of a supercomplex between Cyt b 6 -f and PSI to allow direct electron transfer without requirement of any redox carrier (Schmetterer 1994) . And others have even discussed the existence of an alternative electron transfer pathway by means of Cyt bd-type (Berry et al. 2002) . Under diazotrophic conditions, the assumed arrest of electron flow, at Cyt b 6 -f complex level, promotes the uncoupling of both photosystems. To support the high PSI activity during nitrogen fixation, the existence of an alternative electron carrier has been mentioned (Misra et al. 2003) . In this article, we describe a second cyanobacterial Cyt c 6 that is evolutionarily related to plant Cyt c 6A . Such a new Cyt c 6 is able to reduce PSI in a relatively efficient way but could not accept electrons from Cyt f, so indicating that it plays another physiological role different from Cyt c 6 and Pc.
Materials and methods

Bacterial strains and plasmids
Nostoc sp. PCC 7119 (formerly Anabaena) was described in Adolph and Haerlkorn (1971) . Escherichia coli DH5a (Bethesda Research Laboratories) was used for cloning and plasmid construction. E. coli GM119 (Marinus and Morris 1973) was used for the heterologous expression of both, Cyt c 6 and Cyt c 6 -like protein from Nostoc. Pc was overexpressed in E. coli MC1061 (Casadaban and Cohen 1980) . The plasmids pEAC62-lac (this work), pEAC-WT (MolinaHeredia et al. 1998) , and pEAP-WT (Molina-Heredia et al. 1998) were used for the overexpression of Cyt c 6 -like protein, Cyt c 6 , and Pc respectively. The plasmid pEC86 (Arslan et al. 1998) , which encodes the E. coli genes required for Cyt c maturation, were used to enhance the expression of Cyt c 6 -like protein and Cyt c 6 in E. coli.
Cloning of the cytA gene from Nostoc sp. PCC 7119
The direct primer CATCATTATAGGAGCAGCTACATG and the reverse one TTGGGAATTCAAAAGTTTTAA CGC, designed from the known sequence of cytA gene (all0161), encoding the Cyt c 6 -like protein in Nostoc sp. PCC 7120 (Kaneko et al. 2001) , were used to amplify the region containing the cytA gene from the genomic DNA of Nostoc sp. PCC 7119 by the polymerase chain reaction (PCR). The resulting cytA gene was sequenced (The EMBL accession number for the Nostoc sp. PCC 7119 cytA gene is AM902496) and cloned using the TA Cloning Kit Dual Promoter (pCRII) from Invitrogen. To be sure that the sequences did not contained any mutation introduced by PCR, two independent amplifications were carried out and two independent clones of each were sequenced separately. The resulting vector pEAC62-lac was used as expression vector of cytA gene, under the control of the lac promoter. The DNA Sequencing Service from the Spanish National Cancer Research Centre carried out the nucleotide sequence analysis. Other molecular biology protocols used were standard.
Structural modeling
Structure and surface electrostatic potential of Cyt c 6 and Cyt c 6 -like protein were modeled using the Swiss-Pdb Viewer Program (Guex and Peitsch 1997) . The solution structure of Cyt c 6 from the thermophilic cyanobacterium Synechococcus elongatus PCC 6301 (Beissinger et al. 1998 ) was used as template. Structure of Cyt c 6 -like protein from Nodularia spumigena CCY9414 and S. elongatus PCC 6301 were modeled using the program Phyre (http://www.sbg.bio.ic.ac.uk/*phyre/) (Kelley and Sternberg 2009 ). The quality of the modeled structures was tested using the PROCHECK program (Laskowski et al. 1993) . The Pc structure used was the solution structure from Anabaena variabilis ATCC 29413 (Badsberg et al. 1996) , whose amino acid sequence exhibits 100% identity with that of Pc from Nostoc sp. PCC 7119 (Molina-Heredia et al. 2001 ).
Protein expression and purification procedures
The recombinant Cyt c 6 -like protein was expressed in E. coli as described previously for the Nostoc sp. PCC 7119 Cyt c 6 (Molina-Heredia et al. 1998 ) with some modifications. Purity of the resulting protein fractions was determined using an absorbance ratio A 553 /A 275 of ca. 1.0 for pure Cyt c 6 -like protein (Molina-Heredia et al. 1998) . Protein concentration was determined spectrophotometrically using absorption coefficient of 26.2 mM -1 cm -1 at 553 nm for the reduced protein (this work). Recombinants Cyt c 6 and Pc were expressed and purified as described previously (Molina-Heredia et al. 1998 ) with the modifications introduced previously (Molina-Heredia et al. 1999 . PSI particles were isolated from Nostoc sp. PCC 7119 cells by b-dodecyl maltoside solubilization as described previously (Molina-Heredia et al. 1999) .
RNA isolation and analysis
RNA from whole filaments and heterocysts was isolated as described by Muro-Pastor et al. (2002) . For Northern analysis, 5 to 10 lg of RNA was loaded per lane and electrophoresed in 1% agarose denaturing formaldehyde gels. Transfer and fixation to Hybond-N ? membranes (Amersham Biosciences) were carried out using 0.1 M NaOH. Hybridization was performed at 65°C according to the recommendations of the manufacturers of the membranes. The petJ and cytA probes were fragments of these genes amplified by PCR. All probes were 32 P labeled with a Ready-to-Go DNA labeling kit (Amersham Biosciences) using [a- 32 P]dCTP. Images of radioactive filters and gels were obtained and quantified with a Cyclone storage phosphor system and OptiQuant image analysis software (Packard).
Analytical methods
The extinction coefficient and the heme content of the Nostoc sp. PCC 7119 Cyt c 6 -like protein at 553 nm (26.2 mM -1 cm -1 ) were determined using the pyridine hemochrome method (Appleby 1969) . In order to check that the protein was correctly processed, the N-terminus was sequenced in a Procise TM 494 Protein Sequencer (Applied Biosystems). Redox titrations were performed at pH 7.0, in a dual wavelength spectrophotometer as described previously (Molina-Heredia et al. 1998 ). Isoelectric point (pI) was determined by electrofocusing (Robertson et al. 1987) , with a mixture of ampholyte carriers from Bio-Rad, pH range 3-10; the standard proteins used were those of the Sigma isoelectric focusing calibration kit for a pH range of 6.8-9.3. Molecular weights were determined by MALDI-TOF analysis (Bruker-Daltonics, Germany).
Laser flash-induced kinetics of Nostoc PSI Laser flash-induced kinetics of PSI reduction were monitored by following the absorbance changes at 820 nm as described by Hervás et al. (2003a, b) . Unless otherwise stated, the standard reaction mixture contained, in a final volume of 0.2 mL, 20 mM buffer (Tricine-KOH, pH 7.5), 0.03% b-dodecyl maltoside, an amount of PSI-enriched particles equivalent to 0.36 mg of chlorophyll ml -1 , 0.1 mM methyl viologen, 2 mM sodium ascorbate, 10 mM MgCl 2 , and Cyt c 6 , Cyt c 6 -like protein, or Pc at the indicated concentration. In the studies of the ionic strength effect, the standard reaction mixture contained 30 lM of electron donor protein and NaCl or MgCl 2 at the indicated concentration in Tricine-KOH buffer, pH 7.5. All the experiments were performed at 25°C in a 1-mm path length cuvette. All the kinetic experiments were performed under pseudo-first-order conditions, for which the amount of donor protein was in large excess over the amount of P700
? . Each kinetic trace was the average of six measurements with 30 s spacing between flashes. Oscilloscope traces were treated as a sum of exponential components to calculate the rate constants and amplitudes. Exponential analyses were performed using the Marquardt method with the software devised by Dr. P. Sétif. The error in the observed pseudo-first-order rate constants (k obs ) was estimated to be less than 10%, based on reproducibility and signal-to-noise ratios. Kinetic analyses were carried out according to the reaction mechanisms proposed by Hervás et al. (1995) . Analysis of the dependence of second-order rate constant (k bim ) and extrapolation of estimation of k bim to infinite ionic strength (k inf ) was realized according to the formalism developed by Watkins et al. (Watkins et al. 1994) .
Results and discussions
Cloning and expression of the Nostoc Cyt c 6 -like protein On the basis of the known sequence of cytA gene (all0161), encoding Cyt c 6 -like protein in Nostoc sp. PCC 7120 (Kaneko et al. 2001 ), a couple of oligonucleotides outside the ORF (see materials and methods) were designed. This allowed us the cloning of the complete gene by PCR amplification. Just a DNA band was amplified, recovered, and ligated using the pCRII cloning kit. The plasmid with the cytA gene in phase with lac promoter was used as protein expression vector (pEAC62-lac). The sequence of the cytA gene from Nostoc sp. PCC 7119 (EMBL accession number AM902496) turned out to be identical to the one of the strain 7120, as also identical are other genes involved in Photosynth Res (2011) 110:61-72 63 the photosynthetic electron transfer chain, namely petJ, petE (Molina-Heredia et al. 1998) , and petA (Albarrán et al. 2005) .
The Nostoc Cyt c 6 -like protein was expressed in E. coli and purified using the same experimental protocol that we have described previously for the Nostoc sp. PCC 7119 Cyt c 6 (Molina-Heredia et al. 1998), with some modifications. E. coli GM119 was used as expression strain, and the co-expression with the plasmid pEC86 (see materials and methods) was made to enhance the Cyt production. 20 mg of the Cyt c 6 -like protein was extracted from the periplasmic fraction of 10-L E. coli cell cultures, and 8 mg of pure Cyt c 6 -like protein, with an A 553 /A 275 ratio for the reduced/oxidized protein of 1.5, was finally obtained (see Fig. 1 ). MALDI-TOF analysis and sequentiation of the N-terminus of the purified protein suggest that E. coli rightly processed the heterologous protein and the transit peptide was properly removed at the processing site ANA-ENT (Fig. 2a) . Table 1 shows the physicochemical parameters of the mature protein.
UV/Visible absorption spectra
The UV/Visible absorption spectrum of the purified Nostoc Cyt c 6 -like protein showed typical spectroscopic features of c type Cyts and was similar to that of Nostoc Cyt c 6 (Fig. 1 ). In the oxidized state, the purified Nostoc Cyt c 6 -like protein exhibits a broader band with a maximum at 528 nm, a characteristic absorbance maximum at 409 nm (c, or Soret), and two bands at 359 and 280 nm (protein), respectively. Upon reduction with an excess of sodium dithionite, the Soret band shifts to 417 nm, and appears the characteristic absorbance maxima at 553 (a) and 523 nm (b). In addition, in both, Cyt c 6 -like and Cyt c 6 from Nostoc sp. PCC 7119, a band maximum is 553 nm and extinction coefficient at this wavelength is the same.
Sequence analysis
As shown in Fig. 2a , the transit peptide from the Nostoc Cyt c 6 -like protein is similar to the one of Cyt c 6 . The cellular localization of the Nostoc Cyt c 6 -like protein is a key point to bear in mind when assessing its physiological role. For this, the close similarity between the transit peptides of both Cyts and the sequence analysis performed with SignalP 3.0 Server (Emanuelsson et al. 2007 ), DAS (Cserzo et al. 1997) , and PSORTb (Yu et al. 2010) , suggests that the Cyt c 6 -like protein could, in fact, be located inside the thylakoidal lumen, as are Cyt c 6 and Pc. In addition, as we have already discussed, the Cyt c 6 -like protein was properly processed by E. coli, and the transit peptide was correctly removed at the processing site ANA-ENT, and the mature protein was located at the periplasmic space of E. coli that is the cellular compartment equivalent to the thylakoidal lumen from cyanobacteria.
As we have already described, the Cyt c 6 from Nostoc sp. PCC 7119 interacts with both Cyt f and PSI using the same surface regions (Molina-Heredia et al. 1999; Díaz-Moreno et al. 2005) . These regions are site 1 (or the so called north hydrophobic pole) and site 2 (or the so called east face). Site 1 is a hydrophobic region, around the solvent-exposed heme propionates, that resembles the north pole of Pc (Frazão et al. 1995) , providing the contact surface for electron transfer. Site 2, which is a charged patch, is similar to the east face of eukaryotic Pc (Frazão et al. 1995) , driving the electrostatic movement toward its two membrane-anchored partners. In addition, we have previously used NMR transverse relaxation-optimized spectroscopy in solution to analyze the physiological interaction between PSI, both as a monomer (340 kDa) and a trimer (1020 kDa), with its physiological reaction partner Cyt c 6 from Nostoc sp. PCC 7119. Upon titration of the photosystem into Cyt c 6 , the residues on the surface of Cyt c 6 that are affected by the addition of PSI are: I9, S11, N13, L24, V25, and K29, at the hydrophobic interaction site, and A57, M58, A60, F61, K62, R64, L65, and K66 at the basic electrostatic site (Díaz-Moreno et al. 2005 ). As we can see in Fig. 2b , both regions are highly conserved in Cyt c 6 -like proteins. The hydrophobic site presents a 50% of identity and a 100% of homology between the two proteins, and the electrostatic site presents a 62% of both, identity and homology. The most remarkable fact is that in the Cyt c 6 -like protein the electrostatic region is less charged than in Cyt c 6 , and that in the Cyt c 6 -like protein appears two arginyl residues near the hydrophobic site. With these data, we could think than the Cyt c 6 -like protein would be capable of interacting with the same partners that Cyt c 6 , but such interaction would have to be weaker. Figure 2b shows an alignment of three Cyt c 6 -like proteins with some other proteins belonging to the two more related groups, the Cyt c 6 and the Cyt c 6A . The Cyt c 6 -like protein sequences have a high identity and homology of ca. 69 and 78%, respectively, thus indicating that the Cyt c 6 -like protein is a highly conserved protein that displays a variability, among different organisms, much smaller that the Cyt c 6 group. Like Cyt c 6 and Cyt c 6A , Cyt c 6 -like protein has the arginyl residue 64; that is strictly conserved in all Cyt c 6 sequences (Molina-Heredia et al. 2001 ). We have previously described that Pc has an equivalent arginyl residue and this single residue in both, Cyt c 6 and Pc, is required for efficient reduction of PSI (Molina-Heredia et al. 2001) . In Cyt c 6 and Cyt c 6A only a single arginyl residue appears, however, it is interesting to remark that in the Cyt c 6 -like protein it shows two more arginines in position 26 and 27 that are also conserved.
In order to elucidate its evolutionary origin, we have compared the amino acid sequences of Cyt c 6 -like protein with those of the five other soluble monoheme Cyts with His-Met axial coordination of photosynthetic organisms: Cyt c 6 (cyanobacteria and chloroplasts of green algae), Cyt c 6A (chloroplasts of plants and green algae), Cyt c M (cyanobacteria), Cyt c 2 (non-oxygenic bacteria), and respiratory Cyt c (mitochondria of algae and plants). As can be seen in Fig. 3 , all Cyt c 6 -like proteins constitute by themselves a 5.9 9 10 6 a k bim is the second-order rate constant for PSI reduction b k inf is the k bim extrapolated to infinite ionic strength c k et is the first-order electron transfer rate constant for PSI reduction different clade, as they are all in a single branch that is independent of the other heme proteins. Also, Bialek et al. (2008) described two well-defined groups of cyanobacterial Cyt c 6 -like proteins, the Cyt c 6B and the Cyt c 6C . The Cyt c 6 -like protein described here falls into the Cyt c 6C group. Cyt c 6 seems indeed to sequentially evolve in a linear branch from prokaryotes to eukaryotic algae, whereas both Cyt c 6 -like protein groups and Cyt c 6A would follow another pathway that had previously diverged from Cyt c 6 .
Gene expression analysis
The intracellular levels of Cyt c 6 and Pc are regulated by the amount of copper in the culture medium (Bovy et al. 1992) . Cyt c 6 is dominant under copper-depleted conditions, whereas Pc becomes dominant when the medium contains an adequate concentration of copper. We have studied the expression of the cytA gene in comparison with the petJ gene that encodes Cyt c 6 . This study has been performed in cyanobacterial cells grown under standard culture conditions, with or without copper and with or without nitrate in the growth medium. In this case, we detected the cytA transcript under all conditions, also in heterocysts, and it does not seem to have a specific regulation by copper. In fact, our results showed that the expression of cytA gene was about 3-fold lower than petJ gene, in copper-depleted conditions. In diazotrophic conditions, the expression of cytA gene was 1.8 and 2.1-times lower than petJ gene, in vegetative and heterocyst cells, respectively.
Midpoint redox potential
In the photosynthetic electron flow from Nostoc sp. PCC 7119, Cyt c 6 and Pc, whose E m at pH 7.0 are ?337 and ?355 mV respectively (Molina-Heredia et al. 1998), take electrons from Cyt f, whose E m , at the same pH 7.0, is ?334 mV (Albarrán et al. 2005) , and donate them to the photo-oxidized PSI, whose E m (P700) is ?500 mV (Brettell 1997 (Bialek et al. 2008) , that is one other Cyt c 6 -like protein. However, this fact does not discard the possibility that the Nostoc Cyt c 6 -like protein could donate electrons to the PSI or terminal oxidases, opening the likelihood of a different route for photosynthetic or respiratory electron transfer. Recently, it has been described in the non-heterocystous nitrogen fixing cyanobacterium Plectonema boryanum that, during nitrogen fixation, the arrest of photosynthetic electron flow at Cyt b 6 -f site leads to the uncoupling of the two photosystems and that the high PSI activity during light-dependent nitrogen fixation is supported by an alternative electron donor system (Misra et al. 2003) . Heterocysts from Nostoc lack PSII, and only PSI activity supports the light-dependent nitrogen fixation. Thus, a plausible function of the Cyt c 6 -like protein could be the reduction of the PSI in the heterocysts during light-dependent nitrogen fixation, transferring electrons from any oxidative catabolic process to PSI.
pI and electrostatic surface potential distribution
The pIs of Cyt c 6 and Pc show wide variations among different photosynthetic organisms, but are very similar to each other within any strain . Thus, in Nostoc sp. PCC 7119, both proteins are basic with a pI of 9.0 and 8.8, respectively (Molina-Heredia et al. 1998) . The pI value of the Cyt c 6 -like protein experimentally determined in this study is 8.0, which is close to that described for Cyt c 6 and Pc. Also, we have estimated the pI of other two Cyt c 6 -like proteins from N. spumigena CCY9414 (EMBL accession number A0ZCV9) and S. elongatus PCC 6301 (EMBL accession number Q5N1R2) using the program ProtParam (Gasteiger et al. 2005) . The estimated pI value of both proteins is 8.7, close to that of Nostoc sp. PCC 7119. As the Nostoc proteins, N. spumigena CCY9414 Cyt c 6 and Pc are basic, with a pI value of 9.2 and 8.7, respectively; however, in S. elongatus PCC 6301 both proteins are acidic, with a pI value of 5.6 and 4.7. Whereas pI values of Cyt c 6 and Pc are very similar to each other within the same organism (De la , the pI value of Cyt c 6 -like protein seems to be similar among different photosynthetic organisms and no necessarily correlated whit Cyt c 6 and Pc. These findings might be due to the fact that Cyt c 6 -like protein could have a different function, responsible for a conserved pI value in all studied cyanobacteria.
The pI of a metalloprotein measures the global charge of the molecule, however, not only the global charge, which defines the long-range movements, but also the surface potential distribution, which controls the short-range interactions, is critical for right orientation and complex formation. Thus, the surface electrostatic potential distribution of Cyt c 6 , Pc, and Cyt c 6 -like protein from Nostoc sp. PCC 7119 and Cyt c 6 -like protein from N. spumigena CCY9414 and S. elongatus PCC 6301 were calculated. As shown in Fig. 4 , Cyt c 6 and Pc from Nostoc present a positively charged site 2 that, in fact, plays the same functional role (Molina-Heredia et al. 2001) . If the Cyt c 6 -like protein could replace both proteins, it must have a site 2 equivalent to that of the two other metalloproteins; however, site 2 from the Cyt c 6 -like protein is negatively charged. Much more interesting is the comparison between the surface electrostatic potential distributions from the Nostoc Cyt c 6 -like protein with those from others related Cyt c 6 -like proteins. As it is shown in Fig. 4 , the three Cyt c 6 -like proteins have a similar surface distribution of charges and, in all cases, a clearly negatively charged site 2 appears. As we have mentioned before, Cyt c 6 and Pc have undergone a process of convergent evolution to make the same function resulting similar surfaces in both proteins within the same organism, but a different one from one organism to another . Nevertheless, the tree Cyt c 6 -like proteins compared here seems to have undergone another type of evolution, by a different way from Cyt c 6 and Pc, which has resulted in a putative conserved protein electrostatic distribution surface. However, as we have already discussed in the ''Sequence analysis'', site 1, responsible for the interactions at short distance and for the correct positioning of the redox centers, seems to be more conserved, so it cannot be discarded as a reacting partner of PSI.
Laser flash-induced kinetics of Nostoc PSI The relatively low E m of the Nostoc Cyt c 6 -like protein renders it as a very inefficient electron acceptor from Cyt f (E m = ?334 mV), but it might be expected to stimulate the reaction with PSI, in accordance with Marcus theory (Marcus and Sutin 1985) . In fact, the Nostoc Cyt c 6 -like protein was found to react with PSI 3.8 times slower than Cyt c 6 , and only 2.4 times slower than Pc (see Table 1 ), under the experimental conditions described in Fig. 5 . The kinetics of PSI reduction by Cyt c 6 are biphasic, but those with the Cyt c 6 -like protein and Pc are monoexponential, lacking the fast phase typically observed with Cyt c 6 . This can be interpreted by assuming that there is no formation of any stable complex between PSI and the Cyt c 6 -like protein and thus the reaction follows a collisional kinetic mechanism (type I) .
Taking into account the electrostatic nature of the interaction of Cyt c 6 and Pc with PSI, a detailed analysis of the effect of ionic strength on the second-order rate constant for PSI reduction (k bim ) was performed. Figure 6 shows that the k bim values with Cyt c 6 and Pc monotonically diminish with increasing NaCl concentration, thereby indicating the existence of attractive electrostatic interactions between the reaction partners as previously described by Hervás et al. (1995) . However, in the Cyt c 6 -like protein the attractive electrostatic interaction with PSI rather insignificant as inferred from the fact that there is practically no dependence Simulations of surface electrostatic potential distribution were performed assuming an ionic strength of 50 mM at pH 7.0. Positively and negatively charged regions are depicted in blue and red colors, respectively of k bim on ionic strength. These results are in support that the Cyt c 6 -like protein cannot substitutes for Cyt c 6 and Pc in the electronic flow between Cyt b 6 -f and PSI. The k bim values with the Cyt c 6 -like protein are lower than those with Cyt c 6 and Pc, mainly under conditions of very low ionic strength, (in these no physiological conditions the electrostatic interactions are magnified), indicating that the important changes observed in the surface electrostatic potential distribution at site 2 of the Cyt c 6 -like protein (see Fig. 4 ) alter drastically the attractive electrostatic interactions between PSI and the Cyt c 6 -like protein. As it has been discussed before in the ''Sequence analysis'', this is in agreement with the fact that the residues in site 2 required for the electrostatic interactions are not conserved. Using the Watkins equation (Watkins et al. 1994) , the bimolecular rate constant extrapolated to infinite ionic strength (k inf ) (which facilitates the analysis of the intrinsic reactivity of redox partners in the absence of electrostatic interactions) can be calculated from the experimental data. As shown in Table 1 , the k inf values with the Cyt c 6 -like protein are very similar to that with Pc, and of the same magnitude order than the one with Cyt c 6 , a fact that can be explained by assuming that, as it has been discussed before in the ''Sequence analysis'', the site 1, responsible of the hydrophobic interaction region of the Cyt c 6 -like protein, providing the contact surface for electron transfer with PSI, presents a 50% of identity and a 100% of homology with those from Cyt c 6 . From a physiological point of view is much more interesting to compare the k bim under conditions of high ionic strength and the k inf , because in vivo the ionic strength inside the thylakoid is 0.2-0.3 M, the presence of the thylakoid membrane imposes additional electrostatic and hydrophobic interactions, along with a physical diffusional constraining factor, and the molecular crowding inside the cell can also impose severe limitations on the diffusion and encounter of protein partners. Due to this, others authors have been found relevant differences and discrepancies between the in vitro and in vivo PSI reduction kinetics, mainly regarding the role played by the electrostatic interactions (Durán et al. 2006; Finazzi et al. 2005; Soriano et al. 1998; Sommer et al. 2004) .
Divalent cations like Mg 2? have previously been reported to be specifically involved in Pc/PSI interactions in other organisms, but not in Nostoc sp. PCC 7119 . Thus, an analysis of the effect of Mg 2? cations on the bimolecular rate constant of PSI reduction by Cyt c 6 -like protein was performed. The experimental results show that the bimolecular rate constant exhibits a biphasic dependence on ionic strength (Fig. 6) . To low ionic strength, the bimolecular rate constant increases after the addition of small amounts of Effect of ionic strength on k bim for PSI reduction by Cyt c 6 -like protein (filled circle), Cyt c 6 (unfilled circle) and Pc (filled square) from Nostoc sp. PCC 7119. Experimental conditions were as described in the legend to Fig. 4 , except for magnesium chloride that was omitted from the reaction mixture. The ionic strength was adjusted to the desired value by adding small amounts of a concentrated NaCl solution. Effect of ionic strength on k bim for PSI reduction by Cyt c 6 -like protein (filled triangle). The ionic strength was adjusted to the desired value by adding small amounts of a concentrated MgCl 2 solution. Continuous lines represent theoretical fits according to the formalism developed by Watkins et al. (1994) Photosynth Res (2011) 110:61-72 69 constant, but significantly greater than without Mg. This indicates that it can have small electrostatic repulsions between PSI and the Cyt c 6 -like protein, repulsions that are screened by the presence of divalent cations. According to the formalism by Watkins et al. (1994) , such biphasic dependence could be explained by assuming that the monopolar and dipolar energy terms are of opposite sign. In addition, we can see that the Cyt c 6 -like protein reacts with PSI less efficiently than Cyt c 6 and Pc, and that such collisional reaction is mainly directed by short distant hydrophobic interactions.
Conclusions
We have cloned and overexpressed the cytA (all0161) gene from Nostoc sp. PCC 7119, which encodes for a Cyt c 6 -like protein.
The sequence analysis showed that the Cyt c 6 -like protein is located inside the thylakoidal lumen, and that possesses a 100% homology with the Cyt c 6 hydrophobic interaction region with PSI and Cyt f (site 1). At the basis of the phylogenetic analysis, the Cyt c 6 -like protein from Nostoc falls into the Cyt c 6C group that is different to those from Cyt c 6 . Cyt c 6 seems indeed to sequentially evolve in a linear branch from prokaryotes to eukaryotic algae, whereas cyanobacterial Cyt c 6 -like protein groups (B and C) and plant Cyt c 6A would follow another pathway that had previously diverged from Cyt c 6 . The pI values, surface electrostatic potential distribution, and the E m suggest that the Cyt c 6 -like protein would not accept electrons from Cyt f. However, the Nostoc Cyt c 6 -like protein was found to react with PSI 3.8 times slower than Cyt c 6 , and only 2.4 times more slowly than Pc. In addition, physico-chemical and functional analysis showed that the Cyt c 6 -like protein is a relatively low efficient electron donor to PSI, but they cannot replace Cyt c 6 and Pc as electron transfer between Cyt f and PSI.
From an applied point of view, the Nostoc Cyt c 6 -like protein would be potentially utilized for the hydrogen production, using cell-free PSI catalytic nanoparticles. Recently, Iwuchukwu et al. (2010) have showed that selforganized plasticization of PSI nanoparticles allows electron transport from sodium ascorbate to PSI via Cyt c 6 and finally to the platinum catalyst, where hydrogen is formed. The Noctoc Cyt c 6 -like protein reacts with PSI and is relatively efficient to high ionic strength in the presence of divalent cations (Fig. 6) . For that reason, the Nostoc Cyt c 6 -like protein could be used, alone or in combination with Cyt c 6 or Pc, as soluble electron carrier in such self-organized photosynthetic nanoparticles for cell-free hydrogen production.
In addition, the existence of a potential third electron donor to PSI could explain why a cyanobacterium as Synechocystis sp. PCC 6803 is able to grow photoautotrophically in the absence of Cyt c 6 and Pc, and is in agreement with the previous results that suggest the existence of a third (bud relatively inefficient) electron donor to PSI (Metzger et al. 1995) . Therefore, we propose that the Nostoc Cyt c 6 -like (Cyt c 6C ) protein is an alternative photosynthetic soluble electron donor to PSI, which probably acts in an electron transfer pathway different to those from Cyt c 6 and Pc.
